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The petroleum industry is encountering natural gas hydrates more 
frequently as the search for oil and gas takes the industry to locations 
where low temperatures and high pressure exist. Hydrate prevention in 
these areas accounts for large capital expenditure and operating expense. 
Traditionally, thermodynamic methods have been employed to prevent 
hydrate formation. As operating conditions become extreme, the cost of 
hydrate prevention with thermodynamic methods can become 
uneconomical. Current research is looking for less expensive and more 
powerful methods of hydrate prevention. Kinetic inhibition of hydrate 
formation may provide an economic alternative to traditional 
thermodynamic methods.
An experiment was developed which used a viscometer to monitor 
hydrate formation. The first experiments used a miscible combination of 
tetrahydrofuran and deionized water. As gas hydrates formed, a sharp 
viscosity increase could be observed due to the rapid growth of crystals in 
the solution. The second experiments replaced deionized water with ASTM 
sea water. Chemical inhibitors were added to ASTM sea water to 
determine what effect they had on the rate at which hydrate formed. 
Following these experiments the viscometer was reconfigured to handle gas 
and water systems. Carbon dioxide and deionized water were used to 
develop the experimental technique. In succeeding experiments, the rate of 
hydrate formation was measured for Green Canyon gas, ASTM sea water,
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and chemical inhibitor solutions.
The viscometer experiment demonstrated that the time required for 
hydrates to form for a given thermodynamic condition could be 
reproduced. The time required for hydrates to form was found to be very 
sensitive to the temperature at which the experiment was conducted. 
Addition of chemical solutions consisting of polymers and surfactants 
proved that the rate of hydrate formation could be slowed down. Kinetic 
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Natural gas hydrates are becoming more of a concern to petroleum 
engineers as the search for oil and gas take our industry to environments 
where low temperatures and high pressures exist. Deepwater in the Gulf 
of Mexico, North Sea, and permafrost regions in Alaska are a few locations 
where hydrates are often encountered. Hydrate formation or prevention in 
these areas is currently costing petroleum companies large amounts of 
capital and operating expense. Substantial research has been done in the 
past on the thermodynamic conditions necessary for natural gas hydrate to 
form. The pressure, temperature, and composition when hydrates form 
has been well defined by past researchers. The current focus of research is 
moving towards kinetic prevention of hydrate formation. Kinetic 
inhibition methods attempt to slow down the rate of hydrate formation 
when thermodynamic conditions suggest that hydrates should form. This 
report will focus on an experiment which demonstrated that the time 
required for hydrates to form for a given thermodynamic condition could 
be reproduced and that kinetic inhibitors could be added to prevent or 
delay hydrate formation.
This report will be divided into five chapters. The current chapter 
will be organized into three sections. The first section will describe how 
natural gas hydrates affect the petroleum industry. The second section will
T-4082 2
provide some background on natural gas hydrates and the methods used to 
prevent hydrates from forming. The final section will focus on the 
viscometer and the fluids that were used to monitor hydrate formation.
Chapter two details how the experimental technique developed 
throughout the course of the research. Chapter three presents the results 
from the experiments and provides an interpretation of the results. The 
final two chapters include conclusions from the research and 
recommendations for future work with viscometry.
Impact of Hydrates on the Petroleum Industry
Today, the petroleum industry can anticipate encountering natural 
gas hydrates in many of its routine operations involving exploration, 
drilling, production, and processing.
Exploration for oil and gas is currently taking the petroleum 
industry into harsher environments where hydrates can readily form. 
When drilling operations move offshore to deepwater, hydrates may form 
in the drilling mud and cause substantial problems. An example of this was 
reported by Exxon when drilling with water based fluids offshore 
California and in the Gulf of Mexico. Hydrates plugged choke and kill 
lines causing delays of 50 to 70 days and eventually caused abandonment of 
both drilling sites. Economic consequences where severe, with estimates of 
losses exceeding $5 million (Sloan, 1992b).
Production operations in offshore environments can be severely 
affected by the formation of hydrates when transporting hydrocarbons and
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associated water through pipelines to processing facilities. Prevention of 
hydrate formation in pipelines operating in an offshore environment 
generally require that large amount of methanol be added. One company 
operating in the North Sea estimated that 1% of its gross revenue went 
towards methanol purchases for hydrate inhibition. Another company 
stated that $2.5 million was spent on a North Sea platform for methanol 
injection in 1990 (Sloan 1991). While the cost of injecting methanol may 
be high, the cost of failing to prevent hydrate formation may be 
catastrophic. It has been speculated that the Piper Alpha platform disaster 
in the North Sea was caused when methanol injection pumps failed, leading 
to hydrate formation. When methanol injection was resumed, it was 
believed that a large hydrate mass was released. This hydrate mass moved 
through the production system and created a rupture which resulted in a 
explosion, ultimately destroying the platform and taking 227 lives 
(Boniface, 1990).
Another concern for production operations in an offshore 
environment is the placement of pipelines and platforms. In-situ gas 
hydrates have been found to exist just below the sea floor in the Gulf of 
Mexico (Neurauter, 1989). These hydrates are associated with mud 
diapirs, salt diapirs, and faults where gas seeps occur. Placement of a 
pipeline over a hydrate mound could result in damage as the warm flowing 
fluids dissociate the underlying hydrate sediments. Concern for both 
pipeline and platform integrity led Conoco to conduct a detailed study
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before deploying their Jolliet tension leg platform in the Gulf of Mexico 
(Franco,1989, and Campbell, 1990).
Estimates for in-situ natural gas hydrates are highly uncertain but 
studies done in the USSR and USA have projected that 100,000 tcf of gas 
are contained in naturally occuring hydrates on the sea floor and in 
permafrost regions (Sloan, 1991). Although most of this resource is 
currently undeveloped, as economics improve we should see more interest 
in developing this potential gas resource. The Messoyakha field in Siberia 
is an example where gas from in-situ hydrates is currently being produced. 
A hydrate layer resides over a gas reservoir and as gas is depleted, the 
hydrate layer dissociates and replenishes the free gas in the reservoir 
(Makogan, 1988).
The petroleum industry today cannot avoid encountering natural gas 
hydrates, either as a problem or as a potential resource. Understanding 
this, the industry is funding research so that we can better understand the 
thermodynamic conditions necessary for hydrate formation and then 
methods can be improved or developed to control hydrate formation. Past 
methods have attempted to shift the thermodynamic conditions, so that 
hydrates cannot form. New methods under development attempt to affect 
the kinetics of hydrate formation. The overall primary concern is to 
prevent hydrate from plugging a pipeline using the least expensive methods 
possible. My research has been conducted with this concern in mind, to 
establish an experimental method which can reproduce the time at which
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hydrates form for a certain thermodynamic condition and then find 
inexpensive means to prevent or slow down formation of hydrates.
Natural Gas Hydrates
Natural gas hydrates are solid ice-like compounds composed of water 
and natural gas molecules. The water molecules form crystalline cage-like 
structures which encapsulate gas molecules. These structures can form at 
pressures and temperatures commonly encountered in petroleum 
operations. Historically, hydrates problems have been prevented by 
avoiding or shifting the thermodynamic conditions necessary for their 
formation.
Natural gas hydrates typically form two different crystal structures: 
structure I and structure II. These structures have many similarities. Both 
structures have small and large cavities and are stabilized by encapsulating 
gas molecules. Neither structure will form if gas molecules are not 
present. The small cavity, a pentagonal dodecahedron, is common to both 
structures. Where the structures differ is with the large cavity. The large 
cavity in structure I is smaller than the large cavity in structure II. The 
large cavity in structure I is a tetrakaidecahedron, while the large cavity in 
structure II is a hexakaidecadron. Figure 1.1 shows the basic cages for 
structure I and II. Table 1.1 lists some properties for each structure and 
gives the size of the cages in both structures.
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Figure 1.1 Cage Structures for Structure I and Structure II Hydrates
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The sizes of the cavities determine which gas molecules will occupy 
and stabilize the structure. Figure 1.2 shows some gas molecule sizes and 
the cages which will be occupied for pure gases. Gas mixtures present a 
different problem when determining which structure will form. 
Generally, a natural gas will have a wide range of components including 
methane, ethane, propane, and butane. Methane and ethane by themselves 
would form structure I, but a small addition of some larger components 
will cause structure II to form. The larger molecules will not fit into the 
large cavity in structure I but will fit into the large cavity in structure II. 
Because most natural gases will have propane and larger molecules present, 
the natural gas industry is mainly concerned with structure II hydrates.
Table 1.1 Properties for Structure I and Structure II Hydrates
Structure I Structure II
Water molecules 
per unit cell 46 136
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Natural gas hydrates have been a problem to the petroleum industry 
since the 1930's. The common method of preventing hydrate formation 
has relied on thermodynamic methods.
Thermodynamic methods attempt to modify a system so that it will 
not be in a pressure, temperature, or composition region where hydrate is 
expected to form. There are four used thermodynamic methods: (1) 
remove the water from the system; (2) increase the temperature for a given 
pressure until the system is out of the hydrate formation region; (3) 
decrease the pressure for a given temperature until the system is out of the 
hydrate stability region; (4) inject a chemical solution to shift the 
thermodynamic stability region so that hydrates will not form for the 
current system temperature and pressure. These four methods can be used 
individually or combined in any manner. A very common method to 
prevent hydrate formation has been injection of methanol. Unfortunately, 
as the operating temperature and pressure become more extreme, the 
quantity of methanol required can become quite large and the costs 
prohibitive.
While the above methods have been generally reliable in the past, 
they are currently failing in extreme temperature and pressure situations, 
largely due to economic reasons. This has led to research on kinetic 
inhibition methods, hoping that a more powerful and economical technique 
can be developed.
Kinetic inhibition methods attempt to control the formation and 
growth of hydrate crystal when the system is in a thermodynamic region
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where hydrates are expected to form. Polymers and surfactants are added 
to the system in small quantities in the hope that they will either prevent 
nucleation of hydrate crystals or that they will stop the individual hydrate 
crystals from agglomerating. My research will evaluate a variety of 
polymers and surfactants that were suggested by members of the Center for 
Hydrate Research.
Experiment Selection
At the start of this research project, an experiment needed to be 
developed which could reproduce the time it take hydrates to form for a 
certain thermodynamic condition. This experiment could then be used to 
evaluate how proposed kinetic inhibitors affect the time when hydrates 
form.
Several types of experiments were tested by workers for the Center 
for Hydrate Research in 1991. A differential scanning calorimeter (DSC) 
and a liquid ethane apparatus proved unsuccessful in reproducing hydrate 
formation (Sloan et al, 1992a). A High Pressure Apparatus provided better 
reproducibility but unfortunately required a long time to gather 
information. What was needed was an apparatus which could screen large 
numbers of inhibitors. This led to the development of a viscometer 
apparatus which could monitor hydrate formation and provide 
reproducible results.
A viscometer from Cambridge Applied Systems was purchased with 
funds from the Shell Foundation to study phase transformation in
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hydrocarbon systems. The viscometer was of a new design which could 
operate over a wide range of temperatures and at high pressures. The 
original motivation for purchasing the viscometer was to look at a variety 
of systems including hydrates, asphaltenes, and waxy crudes to determine if 
phase transitions could be detected by a change in viscosity. Early 
theoretical work by Einstein (1906) and more recent experimental work by 
de Kruif et al (1985) demonstrated that as the volume fraction of suspended 
particles in a solution increase a corresponding viscosity rise will occur. It 
was hoped that the viscometer could detect hydrate nucleation and then 
provide information about the rate of nucleation and crystal growth.
To test the experiment, a compound or chemical was needed that 
could form hydrates at ambient pressure and temperatures near 32°F. 
Tetrahydrofuran (THF) was selected. A mixture of water and THF at a 
mole ratio of 17 to 1 has an equilibrium temperature of 5.1 °C (Pinder 
1965a). THF molecules will occupy the large cavity in structure II.
The viscometer apparatus proved very successful in reproducing the 
time when hydrates formed under certain thermodynamic conditions. This 
information was used to evaluate how the addition of small amounts of 
kinetic inhibitors (polymers and surfactants) affected the time needed for 
hydrates to form. With this approach about ten inhibitor solutions could be 
tested per week. A necessity for more speedy evaluation of kinetic 
inhibitor solutions led to the development of the Multiple Reactor 
Screening Apparatus which was an extension of the method used by the 
viscometer apparatus. This apparatus was capable of screening far more
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potential inhibitor solutions, although the information derived was 
generally more qualitative than that provided by the viscometer apparatus. 
The Multiple Reactor Screening Apparatus is not the subject of this thesis 
and is mentioned here because some comparisons are made between the two 




In this chapter, the experimental techniques, including the apparatus, 
the fluids, experimental development, and the procedures used in this 
research will be described. The techniques evolved during the course of 
the research. At the beginning of the research, my primary interest was in 
determining if a viscometer could be used for monitoring the kinetics of 
hydrate formation. For these early experiments, I operated with the 
simplest apparatus, fluids, and procedures that were deemed necessary at 
the time. Success led to the development of more complicated and precise 
techniques.
In the first section below, the apparatus which was used in the 
experiments will be described. Operational difficulties encountered during 
the experiments will also be included. The core of the apparatus always 
consisted of a viscometer, a cooling bath, and a data acquisition computer. 
These components were rearranged throughout the course of the research 
to meet the evolving needs of the experiments.
In the second section, the fluids and chemicals used in the research 
will be described. Initially, hydrate formation with tetrahydrofuran (THF) 
and water was studied. The successful monitoring of hydrate formation 
with THF and water increased our confidence with the experiment and this
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led to the replacement of water with a brine solution. Finally, hydrate 
formation with gas and water was tested to determine the viability of the 
viscometer apparatus for a two phase system.
In the third section, the development of the experimental techniques 
will be discussed. Initially, the simplest experiments were conducted to test 
the viability of using a viscometer to monitor hydrate formation. 
Successful experiments led to changes in experimental techniques. 
Variations in techniques included changing of the fluids or gases, the 
cleaning and cooling methods, the operating temperature, and the methods 
used for insertion of the materials that were tested.
In the final section of this chapter, the procedure for data acquisition 
will be described for two classes of experiments: miscible THF experiments 
and non-miscible gas experiments.
Apparatus
The apparatus constructed to monitor hydrate formation consisted of 
a viscometer, a temperature control system, and a data acquisition 
computer. Tables 2.1 and 2.2 outline the equipment needed for the 
experiments. The funds for purchase of most of the equipment came from 
a Shell Foundation grant.
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Table 2.1 Equipment List for THF Experiments
Item Identification CosttS)
Temperature Bath Neslab RTE 210D 2400
Viscometer CAS SPL 340 3350
Viscometer Display CAS N4S500 2300
Stirrer Talboy T-line 105 140
Computer Mac Ilsi 3400
Data Acquisition System Strawberry Tree Workbench 2200
Miscellaneous Costs Chemicals, Tubing, etc. 500
Total 14290
Table 2.2 Additional Equipment for Non-Miscible Gas Experiments
Item Identification CosttSl
Pressure Transducer Validyne DP 15 450
Carrier Demodulator Validyne CD280-4 950
Cables Validyne 12457-10 50
Miscellaneous Costs Valves, Fittings,etc. 1000
In the four subsections below, additional details will be provided on 
the viscometer, temperature control system, data acquisition system, and 
the operational difficulties experienced.
Viscometer
The following section describes the viscometer specifications, its 
method of operation, how viscosity is calculated, the viscosity ranges 
available, and how temperature is sensed.
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A Cambridge Applied Systems (CAS) viscometer was used in the 
experiment to sense viscosity changes. The viscometer is rated to 10,000 
psi and has an operating temperature range from -30°C to 190°C. The 
model number selected was SPL-340 which has an Inconel 718 body and a 
430 Stainless Steel piston.
The CAS viscometer measures viscosity by magnetically driving a 
piston back and forth inside a measurement chamber (Figure 2.1). An 
electrical current passing through the wire coils located in the body of the 
viscometer provide a magnetic force which moves the piston inside the 
measurement chamber. As one coil becomes active, its magnetic field pulls 
the piston toward that coil. The inactive coil is used to monitor the 
position of the piston. When the piston has moved a predetermined 
distance (approximately 0.2 inches) inside the measurement chamber, the 
inactive coil becomes active and the piston is forced to move in the opposite 
direction. The piston's motion is kept slow inside the viscometer to ensure 
laminar flow of the fluid flowing past the piston. The time for the piston 
to travel in one direction is between 0.5 and 32 seconds and is a function of 
the viscosity of the fluid being measured.
Viscosity is related to the time it takes the piston to complete one 
cycle inside the measurement chamber. The longer the time to complete 
the cycle, the more viscous the fluid. Variations in viscosity measurements 
caused by the weight of the piston in the inclined or vertical position are 
lessened by cycling the piston in both directions and using the average time 












Coils and RTD Autoclave CGLX90-316 
Gland Nut
Figure 2.1 CAS Viscometer
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The viscometer is capable of measuring viscosities from 0.1 to 
20,000 centipoise. Viscosity ranges are selected by varying the diameter of 
the piston, thereby changing the clearance between the body of the 
viscometer and the outer wall of the piston. A small tolerance is used to 
measure low viscosity fluids and by increasing the tolerance, higher fluid 
viscosities can be measured.
Temperature is sensed from an RTD at the base of the measurement 
chamber. (Figure 2.1) The temperature is reported in degrees Fahrenheit 
with a precision of ± 0.1 °F and is accurate to ± 1°F after calibration.
Temperature Control System
The temperature control system consisted of a refrigeration unit 
(Neslab, Model RTE 210-D) with external pumping capabilities. A 
mechanical stirrer provided extra agitation for the THF experiments. The 
gas experiments required construction of an external flexible temperature 
bath with coolant pumped from the refrigeration unit.
The early THF experiments started with the viscometer at room 
temperature. The viscometer was then immersed in the temperature bath 
and the temperature drop was recorded. The time to cool the viscometer 
to operating temperature was approximately 15 minutes and the difference 
between the final viscometer temperature and the bath temperature was 
about 7°F (because of heat dissipated by the magnetic coils, the viscometer 
operates at a temperature higher than the surrounding bath). It was desired 
to lower both the time of cooling and the temperature difference. This was
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accomplished by directing flow from the external pump directly across the 
viscometer and by adding an external mechanical stirrer. This resulted in a 
time of about 9 minutes for the viscometer's temperature to come to 
equilibrium and it decreased the temperature difference between the 
viscometer and the bath down to approximately 2.4°F.
For the gas experiments, the viscometer could not be immersed 
directly in the temperature bath. This was due to a vertical mounting 
requirement that did not allow positioning of the viscometer in the bath. 
Therefore it was necessary to construct a flexible rubber bath to surround 
the viscometer. Coolant was provided using the external pumping capacity 
from the refrigeration unit. The coolant entered at the base of the flexible 
rubber bath and circulated around the viscometer and then exited back into 
the refrigeration unit. The temperature difference between the viscometer 
and the fluid in the bath was approximately 3.5°F.
Data Acquisition System
Experimental observations of viscosity, temperature, pressure, and 
elapsed time were retrieved, processed, and stored using a Strawberry Tree 
data acquisition system installed on a Macintosh Ilsi computer.
A Macintosh Ilsi computer with a 40Mb hard drive and 3Mb of 
RAM was used to control the data acquisition card and to provide for 
display and storage of information. A NuBus card with a 68882 floating­
point math coprocesser was added to allow for installation of the data 
acquisition card.
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The Strawberry Tree system consisted of a data acquisition card 
(Model ACM2-12-8A), a terminal panel for wire connections (Model T- 
51), and a software program (Analog Connection Workbench 3.0).
voltage signals with acquisition rates up to 10 KHz, eight digital input and 
output lines for individual programing control, eight differential analog 
inputs, and two analog outputs. This experiment required three analog 
inputs connected as described in Table 2.3. Voltage ranges were selected to 
allow for inputs of zero to ten volts. This was accomplished by selecting 
the jumper switches as shown in the Analog Connection ACM2 reference 
manual on page 1-5 (STI, 1988)
Table 2.3 Analog Input Connections







Terminals Panel T-51 Terminals
Temperature 0-10 volts 
from Viscometer 
Monitor
J3-6/7 A-I/0 Channel 2
Viscosity 0-10 volts J3-8,9 A-I/0 Channel 3
from Viscometer 
Monitor




Analog Connection Workbench 3.0 software provided for 
programming control, data acquisition, data manipulation, and data 
storage. The software program consists of fourteen functional icons which 
could be connected together to perform the specific tasks required. The 
setup used in the experiment is shown in Figure 2.2. A detailed discussion 
about each functional icon is available in the Analog Connection 
Workbench reference manual (STI, 1989). Voltage inputs from the 
viscometer and pressure transducer were connected to analog input icons 
where a voltage range of 0 to 10 volts was selected. Sampling rates of 0.5 
seconds were specified. Viscosity and temperature voltage signals were 
then connected to calculation icons which provided the correct scaling for 
these variables. Voltage signals representing pressure were connected to a 
series of calculation icons. The first calculation icon provided averaging 
for the signal over 5 seconds, while the second icon scaled the signal to the 
correct pressure. These variables were then displayed on meters which 
gave current values and on charts which displayed trends over time. Data 
was then logged into files stored on disk through the logging icon. The 
data recorded was elapsed time, temperature, viscosity, and pressure. All 
files were date and time stamped. Logging was controlled using a set point 
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Figure 2.2 Analog Connection Workbench Setup for Experiments
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Operational Difficulties
Throughout the research project, a variety of problems with the CAS 
viscometer hindered the speedy gathering of reproducible, reliable data. 
Some problems to be discussed in the following sections include heat 
generation from the coils, poor design and machining of the exhaust 
connection port, incorrect piston metallurgy, no strain relief for the wiring 
harness connections at the base of viscometer body, and grounding 
sensitivity.
Heat generation from the magnetic coils proved to be substantial and 
resulted in a temperature difference between the fluid in the measurement 
chamber and the temperature bath. The temperature of the fluid in the 
measurement chamber varied between 2.4°F and 7.0°F hotter than the 
surrounding temperature bath. The temperature difference was lowered 
by increasing the agitation in the temperature bath. First, a mechanical 
stirrer was added, while this lowered the temperature differential, the 
effect was not satisfactory. Second, the temperature bath's external 
circulating system was used to direct flow directly across the viscometer 
body. This combined with the mechanical stirrer provided the least 
temperature differential.
Design of the exhaust port connector caused major difficulties when 
operating the viscometer. The hole for the exhaust port was drilled to 
deeply, which did not leave enough material to support the fitting that was 
specified for the port. The exhaust port's sealing conical face tapered to 
minimal thickness at the inside wall of the measurement chamber instead of
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a designed thickness of 1/8 inch as shown in Figure 2.3. Initial use of the 
specified fitting led to deformation of the conical surface, which pushed 
metal material into the measurement chamber. Removal of the piston 
became difficult due to decreased tolerances between the piston and the 
measurement chamber wall. This led to deformation of the piston which 
led to incorrect viscosity measurement, as well as to incorrect induction 
times. To correct the situation, the measurement chamber was reamed and 
polished, and new pistons were machined.
After damage to the original piston, several new pistons arrived and 
were found to have a different metallurgy than specified. The new pistons 
corroded when exposed to a cleaning procedure using low concentration 
nitric acid. Analysis on a scanning electron microscope revealed no 
chrome present to provide for corrosion resistance and confused the 
technician as he could find no corresponding steel or alloy which fit the 
piston composition. To continue the experiment it was necessary to secure 
430 Stainless Steel rod stock and ship a portion back to CAS for machining. 
The machinist in the Petroleum Engineering Department was also able to 
manufacture pistons of suitable quality.
Use of the viscometer in the THF experiments required repeated 
immersion of the viscometer in the temperature bath. This required 
bending of the electrical cable coming out of the base of the viscometer 
body. Repeated bending led to breaking of the wires at the base of the 
sensor. Upon disassembly it was evident that CAS had not supplied any 










Figure 2.3 Exhaust Port Dimensions
allowed to bend sharply when exiting a potted material at the base of the 
sensor. When the wires were exposed, it was evident that most of the wires 
had broken at the end of the potted material. Talking with CAS, it was 
learned that no provision had been made to replace the wiring harness 
inside the viscometer sensor as the potting material was considered 
permanent. To remedy the situation, potting material had to be removed 
so the wires could be soldered together. This turned out to be a temporary 
fix as the wires exposed were to short to provide for a durable connection 
and were prone to failure. Strain relief was provided which helped to 
protect the fragile soldered connections.
Viscosity responses observed in the early portion of the project 
demonstrated considerable instability. The scatter of data was observed to 
change depending on the time of day when the viscometer was in use. It 
became evident that the viscometer was picking up noise in the building 
during heavy power usage times. Working at night, during low usage 
times, the viscometer demonstrated considerably smoother responses. This 
indicated a need to provide for a better ground to the viscometer as well as 
providing a filter for the power supply. Substantial grounding and 
filtering proved necessary to smooth the viscosity response during day time 
hours.
Liquids, Gases, and Inhibitors
The liquids, gases, and inhibitors used during this research will be 
described in this section. The first phase of experiments used miscible
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combinations of THF and aqueous solutions. The second phase of 
experiments used gases and aqueous solutions.
Hydrate Formers
Hydrate formers are the substances that must be present in a system 
before hydrates can form. When these substances are present with water, if 
the temperature and pressure are correct, the water molecules will form a 
cage which will encapsulate the hydrate former. The hydrate formers used 
in my research were tetrahydrofuran (THF), carbon dioxide, and Green 
Canyon gas.
Tetrahydrofuran. THF was selected because it will readily form 
hydrates at atmospheric pressure and temperatures above 32°F. It is 
miscible with liquid water in all proportions. THF is a cyclic ether 
(C4H8O) with a molecule weight of 72.11 g/mol. THF and water will form 
structure II hydrate at a mole ratio of 17 water molecules to one THF 
molecule (Pinder 1965a). THF molecules will occupy the large cavity of 
structure II hydrate. The THF for the experiments was Baker Analyzed 
Reagent grade.
Carbon Dioxide. Carbon dioxide was selected for the first gas 
experiments because of availability and safety concerns. Carbon dioxide 
will form structure I hydrates when in the presence of water and will 
occupy the large cavity in this structure.
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Green Canyon Gas. Green Canyon gas was used in the later gas 
experiments because it is representative of gas found offshore in the Gulf 
of Mexico. In the presence of water, this gas will form structure II 
hydrates, with methane stabilizing the small cavity and the larger molecules 
stabilizing the large cavity. Table 2.4 lists the composition of the Green 
Canyon gas.











Deionized water was used in the very first experiments. Successful
4
experiments with deionized water led to the use of salt water solutions 
which more accurately represent produced water. Pure sodium chloride 
solutions were used, followed by ASTM sea water solutions. After 
completing experiments with ASTM sea water, potential inhibitors 
(dissolved in ASTM sea water) were tested.
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Sodium Chloride Solution. This solution was prepared using 
deionized water and 3.0 wt% sodium chloride.
ASTM Sea Water. Initially, the sea water solutions were prepared 
by recombining of the salts and minerals found in a typical sea water. This 
solution was prepared with great effort by other members of the hydrate 
research staff. A switch to a dry mix for ASTM sea water provided for 
much easier mixing procedures. The dry mix was combined with 
deionized water in the correct proportions and was then filtered using a 
0.45 micron filter. The solution was then aged for 24 hours before use. 
Table 2.5 lists the specifications for the dry ASTM sea water mix.
Table 2.5 ASTM Sea Water Composition
Component %wt
NaCl 58.490







SrCl2 - 6H2O 0.095
NaF 0.007
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Inhibitor Solutions. The solutions tested consisted of pure 
polymers or pure surfactants or combinations of polymers and surfactants 
at specified weight concentrations. The solutions were prepared in 
accordance with procedures outlined by other members of the hydrate 
research staff. Polymers were mixed with deionized water in mechanical 
mixers for a period of 12 hours. Following this period, if surfactants were 
to be added, the mixture was stirred for an additional hour. Dry ASTM 
sea water mix was then added to the solution and again stirred for one 
hour. The solution was then filtered through a 0.45 micron filter and aged 
for a minimum of 24 hours before testing. This mixing procedure was 
modified at the end of my research. Concern about the direct addition of 
dry ASTM sea water causing a shock to system which could result in an 
unknown quantity of polymer or surfactant precipitating out of solution led 
to a more gentle addition of an aqueous ASTM sea water solution. Table 
2.6 provides a list of the polymers and surfactants used with chemical 
formulas supplied when available.
Development of Experimental Techniques
The following section will discuss how the experimental technique 
developed during the course of the research. The discussion will include 
the evolution of the THF and gas experiments.
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Table 2.6 Inhibitor Formulas
AIR PRODUCTS Surfynol 465 and 485 (nonionic)
CH3 CH3 CH3 CH3
I I I I
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I I
0 0
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N + Br
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ALDRICH PVP - Polyvinylpyrrolidone (M.W =360,000)
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c h 2 c
CH2 CH-
O
BASF Pluronic F-127 (noninonic, HLB# 18-23, wt% EO-70%)
CH3
HO -  (CH2CH2Cj x-  (CH2CHC) v-  (c h 2c h 2cj x-  h
EO PO EO
BASF Pluronic 25R8 (noninonic, HLB# 12-18, wt% EO-80%)
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HO -  (CHCH2CJ y-  (CH2CH2Q x-  {CH2CHQ y-  H




BASF Tetronic 908 (nonionic, HLB# >24, wt% EO-80%)
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Table 2.6 (continued) 
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Table 2.6 (continued) 
QUAT 3 (cationic)
c 2h 5 ch3
^ N + /  CL
C2H5̂  (CH2- C H - q 4iH
CH3
RHONE-POULENC Mirataine CBS (zwitterionic)
R'
R - N + CH2-C H -C H 2- S 0 3~
I
R’
R and Rf uncertain
RHONE-POULENC Mirawet ASC (zwitterionic)
unknown
SHELL Neodol 45-7 (nonionic, HLB# 11.8, wt% EO-59%)
R 0-(C H 2CH20)xH 




SIGMA SDS - Sodium Dodecyl Sulfate (anionic, HLB# 27)
CH3 -(CH 2 )1 0 -CH 2 -O -S O 3_ Na+




CH3 -C -C H 3  CH3 -C -C H 3  CH3 -C -C H 3
o o o
o so OH OSO
TMP (nonionic)
CH2- c H 2 - ( p q 30- (E q 2v
CH2-c H 2- (p q 30-(E q 27
CH2-CH2- (p q 30-(E q 27
T-4082 37
Development
The initial purpose of the research was to test the viability of using a 
viscometer to monitor hydrate formation kinetics. At first it was desirable 
to keep the experiments as simple as possible. A THF and deionized water 
system was selected for initial evaluation of the experiment. These early 
experiments proved successful and encouraged us to continue further 
experimentation. The experiment was then modified in an effort to 
facilitate the reproduction of data gathered from successive experiments. It 
became necessary to demonstrate that the time for which hydrates took to 
form could be reproduced. The time it took for hydrates to form will be 
referred to as the induction time throughout this report. The establishment 
of a baseline induction time for THF and ASTM sea water then allowed us 
to evaluate the ability of inhibitor solutions to slow down the kinetics of 
hydrate formation.
Successful testing with the miscible THF systems led us to question if 
the viscometer could be used to detect hydrate formation for systems 
consisting of gases and water. The experiment now needed to be modified 
to accommodate higher pressures necessary to form hydrates with gas and 
water. Carbon dioxide and deionized water were used first to develop the 
equipment and techniques necessary to form hydrates reproducibly. After 
success with this system, Green Canyon gas and ASTM sea water were 
substituted. This system was representative of fluids and gases found in 
pipelines where hydrates occur. This system also would provide data to 
compare with other experiments in the hydrate group.
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THF Experim ents. To conduct the THF experiments, the 
viscometer was immersed in the temperature bath as depicted in Figure 
2.4. The viscometer was placed in a slightly inclined position in the bath, 
approximately at 10 degrees from horizontal.
The first experiments were conducted using 20 wt% THF and 80 
wt% deionized water. This weight concentration of THF was selected so as 
to lie slightly to the right of the hydrate line for the phase diagram shown 
in Figure 2.5. This provided for near complete conversion of water and 
THF to form solid hydrate. The viscometer was filled and immersed in the 
temperature bath. The temperature was then dropped in a stepwise manner 
until hydrates formed as indicated by a sharp increase in viscosity. The 
temperature was then elevated to cause decomposition of the solid hydrate, 
back into liquid THF and water. This procedure was repeated for different 
THF weight concentrations to determine hydrate formation temperatures 
for a variety of conditions. The results are shown in Figure 2.6. THF 
concentrations did not exceed 30 wt% for the these tests because the 
viscosity of the mixture approached the maximum viscosity that could be 
measured for the piston being used. Pinder (1965b) determined the 
maximum viscosity for a THF/water system to occur at 33.3 wt% THF.
For the second set of experiments, the viscometer was cooled as 
rapidly as possible. This was achieved by keeping the temperature bath at a 
temperature necessary to form hydrates for a mixture of 20 wt% THF and 
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Figure 2.6 Experimental Hydrate Formation Data for DI Water
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referred to as the target temperature for the experiment and it is specific 
for each different base system being tested.
Figure 2.7 illustrates how a target temperature was determined for 
deionized water and THF. Experiments are first conducted at temperatures 
where hydrates form almost immediately. The temperature is gradually 
increased through successive experiments until hydrates are no longer 
observed to form. The temperature and time when hydrates form is 
recorded. A target temperature of 34.0°F was selected for 80 wt% 
deionized water and 20 wt% THF. At temperatures higher than 34.0°F, the 
time required for hydrates to form was longer than desired or hydrates 
never formed. At temperatures lower than 34.0°F, the viscometer 
temperature would not come to equilibrium before hydrates formed. A 
temperature of 34°F provided 7.3°F of subcooling below the equilibrium 
temperature of 41.3°F. Pinder (1965a) used the same degree of subcooling 
for his THF experiments.
The second set of experiments recorded the time span from when the 
viscometer temperature dropped past 77°F to the onset of hydrate 
formation. This will be referred to as the induction time. 77°F was 
selected as this was the temperature of the room and a water bath could 
easily be maintained at this temperature. Hindsight would suggest that the 
induction time should have been taken from the point when the viscometer 
temperature passed through the hydrate equilibrium line (approximately 
41.3°F). This would have provided a more accurate measure of induction 
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Figure 2.7 Determination of Target temperature for 20 wt% THF and 
80 wt% DI Water
T-4082 44
passing the hydrate equilibrium temperature. However, the time it took 
for the temperature to reach the hydrate equilibrium line was 
approximately two minutes and this time span was constant throughout the 
experiments. Successive experiments demonstrated reproducible induction 
times at 34.0°F.
Following the use of deionized water, a 3.0 wt% sodium chloride 
water solution was tested. A temperature depression for hydrate formation 
was observed due to the presence of sodium chloride. Repeating the 
procedure explained above for the deionized water system, reproducibility 
of the induction times was demonstrated for the sodium chloride solutions.
ASTM sea water was tested next. It was necessary first to determine 
an approximate target temperature, and second to determine 
reproducibility of induction times. There was concern that the salt might 
precipitate, thereby providing available nucleation sites. This could have 
led to less reproducible induction times, since it could have been a function 
of when and how much salt precipitated. Using the ASTM formulation, a 
further reduction of hydrate formation temperature was observed. A 
target temperature of 30.2°F was determined for this solution. The 
reproducibility of the induction times demonstrated a bi-modal distribution 
as shown in Figure 2.8. This was believed to be caused by the presence of 
salt precipitate or other particulate matter in the sea water solution. It was 
then decided to filter the sea water through a 0.45 micron filter to remove 
possible nucleation sites. A new target temperature needed to be 























































solution. The target temperature was determined to be 30.0°F. Repeated 
experiments with the filtered solution demonstrated better reproducibility 
as shown in Figure 2.9.
From the procedure developed, a mean base induction time for a 
given temperature was established for a filtered sea water solution. This 
became the baseline for comparison when screening potential hydrate 
inhibitor solutions.
Gas E xperim ents. The successful monitoring of hydrate 
formation in the miscible THF experiments led to the development of the 
immiscible gas experiments. Significant changes of experimental design 
were needed to handle the gases at pressures above atmospheric conditions 
while providing reproducible hydrate formation results.
To perform the high pressure gas experiments, it was necessary to 
mount the viscometer vertically. Vertical mounting was needed so that a 
small amount of fluid could be inserted into the viscometer and kept at the 
base of the measurement chamber. The viscometer’s piston would then be 
moving through a liquid phase and would have a gas interface just above 
the range of motion of the piston. Figure 2.10 shows the viscometer 
arrangement for the gas experiments.
A flexible rubber temperature bath was fabricated to provide for 
access to the inlet and exhaust ports on the viscometer. Coolant was 













































































































Figure 2.10 Viscometer Configuration for High Pressure Gas Experiment
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It next became necessary to plumb the viscometer to work with gas 
at high pressures. A gas reservoir was attached to a series of valves and 
tubing which provided pressure through the inlet port and the exhaust port. 
When purging air from the system, preceding the experiment, it became 
evident that fluid from the base of the measurement chamber was being 
drawn up into the tubing. Precise metering valves were installed 
attempting to slow the flow of gas through the system. This worked better 
but still was not adequate. Next, the exhaust port was permanently 
plugged and pressure was supplied only through the inlet port. This 
method did not allow for the circular flow of gas through the viscometer 
but proved adequate providing that pressure was relieved slowly between 
purging cycles.
Carbon dioxide was the first gas to be used when developing the 
experimental method. Initially, the measurement chamber was filled with 
deionized water (approximately 0 .8cc) until it overflowed through the 
exhaust port. Pressure was brought up to 320 psig and the viscometer was 
brought down to a temperature of 32.5°F where hydrates were expected to 
form. The equilibrium temperature was 41.5°F at this pressure. This 
provided 9°F of subcooling. The vapor pressure of CO2 at 32.5°F is about 
500 psia. After approximately 12 to 15 minutes, there was an indication 
some hydrates had formed. It then appeared that the formation of hydrates 
had stopped. This was thought to be due to a hydrate layer forming in the 
water phase above the motion of the piston. This layer kept the gas from 
coming in contact with the water in the measurement chamber. The
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agitation caused by the piston was not violent enough to disrupt this layer. 
Pinder (1965a) observed the same behavior for a C0 2 /water system. 
Hydrates formed a layer at the interface between gas and water. Until this 
layer was disrupted, hydrate formation would not continue. Repeated 
attempts to form hydrates reproducibly at 320 psig and 32.5°F failed. The 
temperature was then brought down to as low as 20°F, and hydrates still 
would not form in a reproducible manner.
Following this, the water level was decreased, attempting to bring 
the liquid-gas interface down to where the agitation from the piston would 
break up any hydrate film that formed and keep the gas in contact with the 
fluid phase. The water level was decreased in O.lcc steps until hydrates 
were found to form reproducibly. This occurred when the volume of 
water was reduced to 0.3cc. A further reduction to 0.2cc resulted in an 
unstable viscosity response caused by too little fluid in the measurement 
chamber.
Next, hydrates were to be formed with a Green Canyon gas mixture 
and ASTM sea water. The pressure was elevated to 700 psig and the fluid 
level was kept at 0.25cc. Hydrates were found to form reproducibly at a 
temperature of 40.5°F. The equilibrium temperature was calculated from 
CSMHYD (Sloan, 1990) at 700 psig and was determined to be 60.3°F. This 
provided 20°F of subcooling.
rn!HUR WKES UBRART
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Experimental Procedure
This section describes the procedure followed when using THF, 
carbon dioxide, or Green Canyon gas as the hydrate former. First a 
general procedure for all the experiments will be outlined followed by the 
specific procedure used for the two different classes of experiments listed 
in Table 2.7.
Table 2.7 List of Experiments
Table Reference for
Experiment Class Fluids/Gases Detailed Procedures
Miscible THF/Deionized water 2.8
THF/ASTM sea water 2.9
THF/ASTM sea water/inhibitor 2.10
Non-miscible Carbon Dioxide/Deionized water 2.11
Green Canyon Gas/ASTM sea water 2.12
Green Canyon Gas/ASTM sea water/
Inhibitor 2.13
The first step in setting up the experiments is to determine a target 
temperature and a corresponding bath temperature. The temperature must 
be set so that in the absence of inhibitors, hydrates will form shortly after 
the temperature in the viscometer has reached a stable value.
The viscometer is loaded with a specified volume of solution to be 
tested. The volume used for THF experiments provides for complete 
filling of the viscometer and allows for excess fluid to be stored in a tygon 
tubing reservoir located on the end of the viscometer. For the gas
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experiments, the volume of fluid added was found to affect the time it took 
for hydrates to form as discussed previously. Carbon dioxide experiments 
used 0.3cc of test solution in the viscometer chamber while Green Canyon 
Gas experiments used 0.25cc of test solution.
To begin an experiment, the viscometer had to be sealed, isolating 
the test solution from the coolant in the temperature bath. The THF 
experiments had the exhaust port plugged and the inlet port connected to a 
tygon tubing reservoir. The gas experiments required that the exhaust port 
be plugged and the inlet port connected to the gas supply.
THF Experiment
The experiment began with the mixing and immediate loading of the 
test solution into the viscometer. The viscometer temperature was 
maintained above 77°F prior to cooling. The viscometer was then 
immersed in the cold temperature bath and was positioned with the inlet 
port in a slightly inclined position. This was to insure that the piston would 
not fall out of range of the magnets when it was at the top of its stroke. 
Specific procedures for the three miscible THF experiments are listed in 
Tables 2.8, 2.9,and 2.10.
Figure 2.11 is a example of a typical temperature and viscosity trace 
when using 20 wt% THF and 80 wt% ASTM sea water. The temperature 
cools rapidly to a temperature of 30.0°F and at approximately 1000 
seconds a sharp rise in viscosity is noticed, indicating that hydrates are 
forming. The maximum viscosity reading for the piston selected is 12.5
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Table 2.8 THF/DI Water Experiment
Experimental Procedure
1. The temperature bath is started and brought to 31.6°F.
2. Ten grams of test solution is mixed consisting of 20 wt% 
tetrahydrofuran and 80 wt% deionized water.
3. The viscometer is rinsed with the solution to be tested and is then 
filled to capacity.
4. The exhaust port is plugged and the inlet port is connected to a small 
tygon tubing reservoir of test solution.
5. The viscometer temperature is kept between 77 and 78°F in a warm 
bath.
6 . The experiment begins by immersing the viscometer in the cold 
temperature bath. The data acquistion system is activated when the 
viscometer cools below 77°F.
7. Viscosity and temperature are recorded as the viscometer cools to a 
target temperature of 34.0°F.
8 . Hydrate formation is indicated by a sharp increase in viscosity and a 
small temperature rise.
9. The viscometer is taken out of the cold bath and the test solution is 
saved to observe for particulate matter.
Cleaning Procedure
1. The viscometer is flushed with city water followed by a methanol 
soak for 10 minutes.
2. The viscometer is flushed with deionized water and air dried.
3. Tetrahydrofuran is loaded into the viscometer for 5 minutes.
4. The viscometer is rinsed with deionized water and air dried.
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Table 2.9 THF/ASTM Sea Water Experiment
Experimental Procedure
1. The temperature bath is started and brought to 27.6°F
2. Ten grams of test solution is mixed consisting of 20 wt% 
tetrahydrofuran and 80 wt% of ASTM sea water.
3. The viscometer is rinsed with the solution to be tested and is then 
filled to capacity.
4. The exhaust port is plugged and the inlet port is connected to a small 
tygon tubing reservoir of test solution.
5. The viscometer temperature is kept between 77 and 78°F in a warm 
bath.
6 . The experiment begins by immersing the viscometer in the cold 
temperature bath. The data acquistion system is activated when the 
viscometer cools below 77°F.
7. The viscosity and temperature are recorded as the viscometer cools 
to a target temperature of 30.0°F.
8 . Hydrate formation is indicated by a sharp increase in viscosity and a 
small temperature rise.
9. The viscometer is taken out of the cold bath and the test solution is 
saved to observe for particulate matter.
Cleaning Procedure
1. The viscometer is flushed with city water followed by a methanol 
soak for 10 minutes.
2. The viscometer is flushed with deionized water and air dried.
3. Tetrahydrofuran is loaded into viscometer for 5 minutes.
4. The viscometer is rinsed with deionized water and air dried.
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Table 2.10 THF/ASTM Sea Water/Inhibitor Experiment
Experimental Procedure
1. The temperature bath is started and brought to 27.6°F.
2. Ten grams of test solution is mixed consisting of 20 wt% 
tetrahydrofuran and 80 wt% of ASTM sea water/inhibitor solution.
3. The viscometer is rinsed with the solution to be tested and is then 
filled to capacity.
4. The exhaust port is plugged and the inlet port is connected to a small 
tygon tubing reservoir of test solution.
5. The viscometer temperature is kept between 77 and 78°F in a warm 
bath.
6 . The experiment begins by immersing the viscometer in the cold 
temperature bath. The data acquistion system is activated when the 
viscometer cools below 77°F.
7. The viscosity and temperature are recorded as the viscometer cools 
to a target temperature of 30.0°F.
8 . Hydrate formation is indicated by a sharp increase in viscosity and a 
small temperature rise.
9. The viscometer is taken out of the cold bath and the test solution is 
saved to observe for particulate matter.
Cleaning Procedure
1. The viscometer is flushed with city water followed by a methanol 
soak for 10 minutes.
2. The viscometer is flushed with deionized water and air dried.
3. Tetrahydrofuran is loaded into the viscometer for 5 minutes.
4. The viscometer is rinsed with deionized water and air dried.
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cp. When this value is attained, it indicates that enough hydrates have 
formed in the viscometer to restrict the motion of the piston so that it can 
not complete a full stroke in the measurement chamber. The time at which 
this occurs is called the induction time.
After an induction time has been established, the viscometer is taken 
out of the cold temperature bath. The viscometer is then heated and the 
fluid is removed and examined for particulate matter. The viscometer is 
then cleaned, observing the procedures listed in the table corresponding to 
the fluids/gases used.
Gas Experiments
The experiments with gas begin with the mixing and immediate 
loading of the test solution. The viscometer temperature was kept above 
77°F prior to the cooling cycle. The viscometer was sealed and purged of 
residual air. The purging method required that the pressure be increased 
to 300 psig with the gas to be tested. After 5 minutes, the pressure is 
relieved slowly through a set of precise .metering valves. A very slow rate 
of gas flow is desired so that the fluid in the measurement chamber will not 
be pulled up into the tubing. This purging procedure was repeated twice to 
bring the residual air content to an acceptable low level. Specific 
procedures for the three immiscible gas experiments are listed in Tables 
2.11,2.12, and 2.13.
Cooling was provided from the temperature bath by opening a valve, 
allowing cold fluid from the temperature bath to flow into the coolant
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Table 2.11 C02/DI Water Experiment
Experimental Procedure
1. The temperature bath is started and brought to 29.1°F.
2. The viscometer is loaded with 0.3cc of deionized water.
3. The exhaust port is plugged and the inlet port is connected to a 
pressure vessel suppling carbon dioxide.
4. The system is pressurized to 300 psig then allowed to equilibrate for 
5 minutes. Pressure is brought to 0 psig slowly so that the fluid will 
remain in the measurement chamber. This procedure is repeated to 
reduce the residual air content to a neglible level.
5. The viscometer temperature is kept above 77°F.
6 . The pressure is brought up to 320 psig
7. The experiment begins by circulating cold fluid from the temperature 
bath to a flexible bath surrounding the viscometer. The data acquistion 
system is activated when the viscometer cools below 70°F.
8 . The viscosity and temperature are recorded as the viscometer cools 
to a target temperature of 32.5°F.
9. Hydrate formation is indicated by a sharp increase in viscosity and a 
small temperature rise.
10 Circulation of cold fluid is stopped and the viscometer is allowed to 
warm up to room temperature.
Cleaning Procedure
1. The viscometer is flushed with city water followed by a methanol 
soak for 10 minutes.
2. The viscometer is flushed with deionized water and air dried.
3. Tetrahydrofuran is loaded into the viscometer for 5 minutes.
4. The viscometer is rinsed with deionized water and air dried.
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Table 2.12 Green Canyon Gas/ASTM Sea Water Experiment
Experimental Procedure
1. The temperature bath is started and brought to 37.0°F.
2. The viscometer is loaded with 0.25cc of ASTM sea water.
3. The exhaust port is plugged and the inlet port is connected to a 
pressure vessel suppling Green Canyon gas.
4. The system is pressurized to 300 psig then allowed to equilibrate for 
5 minutes. Pressure is brought to 0 psig slowly so that the fluid will 
remain in the measurement chamber. This procedure is repeated to 
reduce the residual air content to a neglible level.
5. The viscometer temperature is kept above 77°F.
6 . Pressure is brought up to 700 psig
7. The experiment begins by circulating cold fluid from the temperature 
bath to a flexible bath surrounding the viscometer. The data acquistion 
system is activated when the viscometer cools below 70°F.
8 . The viscosity and temperature are recorded as the viscometer cools to a 
target temperature of 40.5°F.
9. Hydrate formation is indicated by a sharp increase in viscosity and a 
small temperature rise.
10 Circulation of cold fluid is stopped and the viscometer is allowed to 
warm up to room temperature.
Cleaning Procedure
1. The viscometer is flushed with city water followed by a methanol 
soak for 10 minutes.
2. The viscometer is flushed with deionized water and air dried.
3. Tetrahydrofuran is loaded into the viscometer for 5 minutes.
4. The viscometer is rinsed with deionized water and air dried.
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Table 2.13 Green Canyon Gas/ASTM Sea Water/Inhibitor Experiment
Experimental Procedure
1. The temperature bath is started and brought to 37.0°F.
2. The viscometer is loaded with 0.25cc of ASTM sea water/inhibitor s 
olution.
3. The exhaust port is plugged and the inlet port is connected to a 
pressure vessel suppling Green Canyon gas.
4. The system is pressurized to 300 psig then allowed to equilibrate for 
5 minutes. Pressure is brought to 0 psig slowly so that the fluid will 
remain in the measurement chamber. This procedure is repeated to 
reduce the residual air content to a neglible level.
5. The viscometer temperature is kept above 77 °F.
6 . Pressure is brought up to 700 psig
7. The experiment begins by circulating cold fluid from the temperature 
bath to a flexible bath surrounding the viscometer. The data acquistion 
system is activated when the viscometer cools below 70°F.
8. The viscosity and temperature are recorded as the viscometer cools 
to a target temperature of 40.5°F.
9. Hydrate formation is indicated by a sharp increase in viscosity and a 
small temperature rise.
10 Circulation of cold fluid is stopped and the viscometer is allowed to 
warm up to room temperature.
Cleaning Procedure
1. The viscometer is flushed with city water followed by a methanol 
soak for 10 minutes.
2. The viscometer is flushed with deionized water and air dried.
3. Tetrahydrofuran is loaded into the viscometer for 5 minutes.
4. The viscometer is rinsed with deionized water and air dried.
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reservoir surrounding the viscometer body. The viscometer cooled rapidly 
to a temperature at which hydrates would form.
Figure 2.12 is an example of a temperature and viscosity trace for 
0.3cc deionized water and carbon dioxide at 320 psig. As the temperature 
cools, the viscosity begins to rise. At approximately 1200 seconds, the 
viscosity rises sharply, indicating hydrate formation. The induction time is 
taken when the viscosity goes to a maximum value. This value may not be 
12.5 cp as seen in the THF experiments. It is believed that when hydrates 
form, they could make a plug restricting the motion of the piston in only 
one direction. This will result in a viscosity value between 7 and 12.5 cp 
depending on the position and size of the plug. The viscosity is calculated 
from the averaged time of travel over a complete cycle. If the piston can 
not complete its stroke in one direction, but can move to the end of its 
stroke in the opposite direction, it will average the two times, one being a 
maximum value and the other something less depending on the viscosity of 
the fluid remaining. This value then will be less than 12.5 cp..
Once an induction time has been established, the circulating system is 
shut off and the viscometer is allowed to warm up. While warming, the 
viscosity is recorded and a temperature at which the hydrates break can be 
observed as in Figure 2.12. The viscometer is then cleaned according to 










































































In this chapter, the results obtained from the miscible 
tetrahydrofuran (THF) experiments and the non-miscible gas experiments 
will be discussed.
This chapter will be broken into three sections. In the first and 
second sections, typical viscosity and temperature responses from both the 
THF and non-miscible gas experiments will be considered. The viscosity 
and temperature responses give an indication when hydrates are forming. 
As hydrates form, a sharp viscosity increase is observed with a 
corresponding temperature rise. The viscosity response can give an 
indication of initial hydrate nucleation and may provide information about 
hydrate crystal growth.
Once it had been demonstrated that hydrates could be formed 
reproducibly and detected in the viscometer, it became possible to test 
proposed kinetic inhibitors to see what effect they would have on hydrate 
formation. The results of these tests will be summarized in the third 
section.
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Viscosity and Temperature Response 
for THF Experiments
Discussion of the viscosity and temperature response will follow the 
chronological development of the experimental procedure. To develop the 
experiment, THF and deionized water were tested first. Success in these 
early experiments led to the use of THF and ASTM sea water solutions. 
Sea water was chosen as an approximation of produced water in gas 
gathering systems and large pipelines. Reproducible experiments with THF 
and sea water led to the testing of proposed kinetic inhibitors in THF and 
sea water solutions. Due to the large quantity of experiments with potential 
kinetic inhibitors, only a few of the more interesting responses will be 
discussed in this section.
THF and Deionized Water
A viscosity and temperature trace for 20 wt% tetrahydrofuran and 
80 wt% deionized water is shown in Figure 3.1. The scale for viscosity is 
located on the left side of the chart and the scale for temperature is located 
on the right. The horizontal axis represents elapsed time and increases 
towards the right. After the viscometer is immersed in the temperature 
bath, it cools rapidly as shown by the temperature trace. Associated with 
this cooling is a rapid rise in viscosity. After 500 seconds, the temperature 
has almost reached the target temperature of 34.0°F and the viscosity has 
attained a steady value. After approximately 750 seconds, a sharp rise in 
viscosity is observed, indicating hydrate formation. Expanding the
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temperature scale as shown in Figure 3.2, allows observation of the 
temperature increase recorded when hydrates form. This increase in 
temperature appears to stop the formation of hydrates momentarily. When 
the temperature decreases, hydrate formation continues. The viscosity then 
reaches it maximum value for the piston size selected which is 
approximately 12.5 cp.
The above experiment was conducted 12 times. Figure 3.3 is a 
histogram showing the distribution of induction times at 34.0°F. The mean 
induction time was 864 seconds with a standard deviation of 123 seconds.
THF and ASTM Sea Water
This section is broken into two parts, one for unfiltered ASTM sea 
water and another for filtered ASTM sea water. During the course of the 
sea water experiments it was deemed necessary to filter the solution to 
eliminate any particulate matter that may have been present. When using 
the unfiltered sea water, a bi-modal distribution of induction times was 
observed. This bi-modal character was partially eliminated by filtering the 
solution. An example viscosity and temperature trace will be discussed for 
each case as well as an associated histogram of induction times.
Unfiltered Sea W ater. A viscosity and temperature trace for 20 
wt% THF and 80 wt% unfiltered ASTM sea water is shown in Figure 3.4. 
The temperature and viscosity response is very similar to what is seen 




















































































































































































required before hydrates begin to form. The bath temperature was set so 
that a target temperature of 30.2°F would be reached. After approximately 
500 seconds, the temperature attains a steady value and hydrates begin to 
form at about 575 seconds.
The experiment was conducted 23 times to demonstrate the 
reproducibility of induction times. Figure 3.5 is a histogram for the 
experiment. The mean induction time was 898 seconds with a standard 
deviation of 215 seconds. The histogram shows a bi-modal distribution of 
induction times. This was believed caused by the presence of particulate 
matter which acted as a catalyst for early nucleation. The particulate 
matter could have been dust particles or may have been salts which 
precipitated when mixing THF and sea water. Filtering the test solution 
was proposed as a method to eliminate the bi-modal distribution.
Filtered Sea W ater. A viscosity and temperature trace for 20 
wt% THF and 80 wt% filtered ASTM sea water is shown in Figure 3.6. 
The bath temperature was set so a target temperature of 30.0°F would be 
reached. The temperature attains a steady value after approximately 500 
seconds and the viscosity remains essentially constant. After approximately 
1000 seconds, the viscosity rises sharply, indicating formation of hydrates. 
Figure 3.7 shows the small temperature rise associated with the formation 
of hydrates. A decrease in viscosity is observed as hydrate formation is 
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temperature drops back to 30.0°F, hydrate formation continues with the 
viscosity reaching its maximum value of 12.5 cp.
The filtered sea water experiment was conducted 18 times. The 
mean induction time was 746 seconds with a standard deviation of 169 
seconds. The histogram is shown in Figure 3.8 and demonstrates that 
filtering had some affect on the bi-modal distribution previously observed. 
This mean induction time established with this experiment is the baseline 
induction time used for comparing the performance of the proposed kinetic 
inhibitor solutions.
THF, ASTM Sea Water, and Inhibitors
This section will discuss the viscosity and temperature responses 
observed in experiments with potential kinetic inhibitors. Discussion will 
focus primarily on chemicals which showed ability to inhibit hydrate 
formation. A few negative results will also be included to provide a 
contrast between good and bad inhibitors.
P o ly v in y lp y rro lid o n e(P V P ). Figure 3.9 is a viscosity and 
temperature trace for an ASTM sea water solution containing 0.1 wt% 
PVP. The viscosity and temperature traces are similar to that seen for 
ASTM sea water, except for the time when hydrates begin to form. 
Hydrate formation is indicated at approximately 3000 seconds, when the 





































































































































This experiment was conducted 7 times and Figure 3.10 is a 
histogram of induction times. The mean induction time was 2473 seconds 
with a standard deviation of 673 seconds. This indicates that the addition 
of 0.1 wt% PVP to ASTM sea water increases the time it takes for hydrates 
to form by three fold over that of pure ASTM sea water. This kinetic 
inhibitor provided the first observed inhibition of hydrate formation in the 
viscometer.
PVP and Mirawet ASC. Figure 3.11 shows the viscosity and 
temperature trace seen when 0.1 wt% PVP and 0.1 wt% Mirawet ASC are 
added to an ASTM sea water solution. The early trace is again similar to 
what is seen for pure sea water. At approximately 1600 seconds, a small 
rise in viscosity is observed, indicating possible hydrate formation. This 
formation appears to stop and the viscosity trace levels off again. After 
approximately 2600 seconds, the viscosity rises to about twice its original 
value and maintains this level up to about 3600 seconds where the viscosity 
goes off scale to 12.5 cp. At 2600 seconds, it would appear that initial 
nucleation of hydrates is taking place. The leveling of viscosity at this time 
suggest a stopping of the growth phase for about 1000 seconds. The 
addition of the Mirawet ASC appears to control the growth of the hydrate 
crystals in this region. At 3600 seconds, growth of the hydrate crystals 
continues, resulting in the viscosity going to a maximum value. Figure 
3.12 amplifies the temperature response recorded during the time when 
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hydrate crystals form to the time when the viscosity reaches its maximum 
value.
This experiment was conducted 7 times. Figure 3.13 is the 
histogram for these experiments. The mean induction time was 2640 
seconds with a standard deviation of 772 seconds. This combination 
provided a 3.5 fold increase in induction time over that for pure ASTM sea 
water. PVP appears to slow down the initial nucleation period while 
Mirawet ASC appears to control the growth phase for a period of time past 
initial nucleation.
BASF F-127. Figure 3.14 shows the viscosity and temperature 
responses recorded when 0.1 wt% F-127 is added to ASTM sea water. 
After approximately 500 seconds the temperature and the viscosity have 
reached a steady level. They remain at this level for the duration of the 
experiment. This indicates that hydrates have not formed during the 7200 
seconds shown in Figure 3.14. The experiment was conducted 3 times and 
always provided excellent hydrate inhibition. Unfortunately, new batches 
of F-127 did not provide the same quality of inhibition as demonstrated by 
my experiments. Attempts were made to identify the differences between 
good and bad batches of F-127. The good batch had a molecular weight of 
12,000, while the bad batches had molecular weights of approximately 
9,000 - 10,000. Beyond this difference, no other distinguishing 


















































































































T-butyl Phenol. This surfactant performed poorly at 0.5 wt% as 
shown in Figure 3.15. Initial hydrate formation occurs after 1000 seconds 
as indicated by the sharp viscosity rise. The viscosity then decreases 
slightly due to the temperature increase associated with hydrate formation. 
Figure 3.16 shows this temperature increase and the resulting decrease in 
viscosity. When the temperature begins to come down, hydrate formation 
continues as indicated by the maximum viscosity of 12.5 cp. T-butyl 
Phenol at 0.5 wt% was tested 3 times and failed to provide substantial 
inhibition of hydrate formation.
BASF 908. This polymer at 0.1 wt% performed poorly for all test 
conducted. Figure 3.17 is an example showing hydrate formation at 500 
seconds. 908 sometimes seemed to initialize hydrate formation earlier than 
would be anticipated for pure ASTM sea water.
Viscosity and Temperature Response 
for Gas Experiments
Successful experiments using THF led to the development of the gas 
experiments. The first experiments used carbon dioxide and deionized 
water. Once hydrate formation for this system was shown to be 
reproducible, Green Canyon gas and ASTM sea water were tested. 
Reproducibility was established for GCG and ASTM sea water which led to 
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Carbon Dioxide and Deionized Water
The early gas experiments were conducted using carbon dioxide and 
deionized water. An example viscosity and temperature trace is shown in 
Figure 3.18. To begin the experiment, the viscometer is pressurized to 320 
psig and coolant is pumped to the flexible temperature bath surrounding 
the viscometer. The viscometer cools rapidly to the target temperature of 
32.5°F after approximately 600 seconds. Viscosity increases from about 
one to two centipoise during this rapid cooling. After 1200 seconds, the 
viscosity rises sharply to its maximum value of 12.5 cp, indicating hydrate 
formation. After hydrates have formed, the temperature is brought up 
rapidly to observe the viscosity response as the hydrates dissociate. After 
1400 seconds, the viscosity decreases rapidly to its original value.
Carbon dioxide experiments using 0.3 cc of deionized water were 
conducted 8 times. Figure 3.19 is a histogram showing the distribution of 
induction times seen at 32.5°F and 320 psig. The mean induction time was 
found to be 1261 seconds with a standard deviation of 142 seconds.
Green Canyon Gas and ASTM Sea Water
The following experiment used a combination of Green Canyon gas 
at 700 psig and 0.25 cc of ASTM sea water. An example temperature and 
viscosity trace is shown in Figure 3.20. The initial response is similar to 
what was seen for carbon dioxide, as the temperature is decreased, a 
corresponding increase in viscosity occurs until the target temperature of 
40.5°F is reached. After 900 seconds, the viscosity begins to climb
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sharply, indicating hydrates are forming in the viscometer. For this 
example, the viscosity reaches a maximum value of approximately 11 cp 
and then begins a gradual decline. This is thought to occur because of the 
limited amount of fluid present in the viscometer. As hydrates form they 
consume the available water and agglomerate at one end of the viscometer 
chamber. The observed decline of viscosity in Figure 3.20 is thought to be 
due to the action of the piston moving or breaking down the hydrate mass 
which would allow the piston to move more freely in the measurement 
chamber.
Another example for Green Canyon gas is shown in Figure 3.21. 
The temperature scale has been enlarged to observe the temperature 
response when hydrate form. After 1200 seconds, the viscosity rises very 
rapidly to 12.5 cp, indicating hydrate formation. This is followed by a 
viscosity reduction down to 8.5 cp due to the action of the piston to move 
or break up the hydrate mass in the viscometer chamber. After 2800 
seconds, the viscosity again goes up to 12.5 cp and then begins a decline to 
8.5 cp. This cyclic response was observed for many of the other 
experiments using Green Canyon gas and 0.25 cc of ASTM sea water. The 
temperature response is observed to correspond very well with the 
observed forming and dissociating of the hydrates in the viscometer 
chamber.
This experiment was conducted 7 times. The mean induction time 
was 1196 seconds with a standard deviation of 270 seconds. Figure 3.22 is 
a histogram showing the distribution of induction times seen at 40.5 °F and
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700 psig. This mean induction time established with GCG and ASTM sea 
water is the baseline induction time used for comparing the performance of 
proposed kinetic inhibitor solutions.
Green Canyon Gas and Kinetic Inhibitors
This section will discuss some of the viscosity and temperature 
responses observed when testing potential kinetic inhibitors. Using the 
baseline induction time established with GCG and ASTM sea water, 
potential kinetic inhibitors can be evaluated to determine how effectively 
they inhibit formation of hydrates in the viscometer.
Polyvinylpyrrolidone (PVP). Figure 3.23 is the viscosity and 
temperature response for 0.5 wt% PVP and ASTM sea water. The early 
viscosity and temperature responses are similar to that for pure ASTM sea 
water except for the viscosity being higher due to the addition of PVP. 
After 3600 seconds, initial nucleation of the hydrates begin. PVP appears 
to slow down the growth of the hydrate crystals until 19,000 seconds has 
elapsed. After 19,000 seconds, the viscosity rises sharply indicating rapid 
growth. PVP for this experiment increased the induction time 3 fold over 
that for pure ASTM sea water and increased the time observed for rapid 
growth about 15 fold over that for pure ASTM sea water.
QP-100MH. Figure 3.24 is a temperature and viscosity response 
for a solution of 0.5 wt% QP-100MH and ASTM sea water. The initial 
viscosity starts at about 7 cp at the target temperature due to the addition of
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the inhibitor at 0.5 wt%. An increase in viscosity over 7 cp is observed 
after 25,000 seconds, indicating the initial nucleation of hydrates. Crystal 
growth appears to be stopped until 40,000 seconds, after this the viscosity 
reaches the maximum value of 12.5 cp, indicating continued growth of the 
hydrate crystals. The viscosity response shows three distinct plateaus 
during this experiment, initial viscosity of the solution, initial hydrate 
nucleation, and growth of the hydrate crystals. This inhibitor appears to 
increase the initial nucleation time about 20 fold over that for pure sea 
water and increases the time it takes for rapid growth over 30 fold. QP- 
100MH demonstrated substantial inhibition of the formation of hydrates for 
this experiment, although the initial viscosity is so high that it may mask 
some of the time interpretations for the initial nucleation and rapid growth 
phases.
Alcodet 218. This inhibitor was tested to confirm its poor 
performance as seen in other experiments in the Center for Hydrate 
Research. Alcodet 218 demonstrated very little hydrate inhibition as 
shown by the temperature and viscosity responses in Figure 3.25. Hydrates 
formed completely after 2400 seconds and repeated experiments 
demonstrated similar performance.
Results of Inhibitor Screening Tests
The purpose of the inhibitor screening experiments were to 
determine what polymers and surfactants would provide kinetic inhibition
T-4082 99
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of hydrate formation. Performance of the chemicals was evaluated by 
comparing the baseline induction time established with pure ASTM sea 
water to the induction times established using an inhibitor solution. This 
section will be divided into two parts: results from the THF experiments 
which comprised the bulk of the work, and the results obtained from the 
Green Canyon gas experiments.
THF Experiments
The THF screening experiments began with the determination of a 
baseline induction time using 20 wt% THF and 80 wt% ASTM sea water. 
The baseline induction time was 746 seconds. Table 3.1 shows a matrix of 
polymer and surfactant combinations that were to be tested. The values 
entered into the table are average induction times determined from a 
minimum of two tests. The number of tests conducted for each 
combination was determined by the reproducibility of the tests. If two test 
gave very similar induction times, no further testing with that combination 
was conducted. Table 3.2 shows the individual induction times determined 
for each screening test with a given inhibitor.
The first testing was done with either pure polymers at 0.1 wt% or 
pure surfactants at either 0.01 wt% or 0.5 wt%. Once this was completed, 
combinations of polymers and surfactants were tested. Polymers 25R8 and 
908 performed poorly individually as well as when combined with 
surfactants. Therefore, it was deemed unnecessary to complete the sections
T-4082 1 0 1




BASF F-127 BASF 25R8 PVP BASF 908
7 S f lno surfactant 
0.01% Neodol 45-7




0.5% Neodol 45-7 710 770
0.01% Nitrilotriacetic Acid 1680 1510
0.5% Nitrilotriacetic Acid 650
0.01% MyTBr 840 620 1760 930
0.5% MyTBr 720 1360
0.01% Surfynol-465 1410 950 1110
0.5% Surfynol-465 liS 680 600 2590
0.01% Surfynol-485 1690 2240
0.5% Surfynol-485 600 800
0.01% Surfynol-136 
0.5% Surfynol-136
0.01 % Sodium Dodecyl Sulfate i l l l l  2320 2860 630 ■ US111 2650
0.5% Sodium Dodecyl Sulfate 1040 550 1610 1240
0.01% Quat 1 2950
0.5% Quat 1 1150
0.01 % Quat 2 3140
0.5% Quat 2 760
0.01% Quat 3 950
0.5% Quat 3 2050
0.01% TMP 1240
0.5% TMP 2490
0.01% Tertiary Butyl Phenol 2630
0.5% Tertiary Butyl Phenol 1290




0.01% Mixataine CBS 770 iiiiiiiiiiiip
0.5% MirataineCBS 2690
All tests stopped after t = 7200 secs
Best Candidates (t > 3600 secs)
Good Candidates (t > 1800 secs)
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Table 3.2 Induction Times(Seconds) for THF Experiments
Run 1 Run 2 Run 3 Run 4
Best Candidates
0.1 wt% F-127 >7200 >7200 3230*
0.1 wt% PVP+0.5wt% MirataineCBS >7200 2520** 6000
0.5wt% SDS 3670 4910 >7200
0.5wt% Surfynol 465 4340 >6850 4350
0.5wt% Mirawet 6260 2720
0.1 wt% PVP+0.01wt% SDS 5280 2880 2630
Good Candidates
0.1 wt% F-127+0.5wt% Mirawet ASC 4840 2 1 0 0
0.01wt% Quat 2 2710 3560
0.1 wt% 25R8+0.5wt% Mirataine CBS >5070 1 1 1 0 3160
0.01wt% Quat 1 1190 3860 3431 3300
0.1wt% F-127+0.01wt% SDS 3130 1160*** 2590
0.5wt% Mirataine CBS 2590 2790
0.1 wt% 908+0.01wt% SDS 480*** 3040 2260
0.01wt% T-butyl Phenol >7200** 2080 3170
0.1 wt% PVP+0.5wt% Surfynol 465 1750 3010 3000
0.5wt% TMP 2520 2466
0.1 wt% PVP 8  runs Mean=2473 St. Dev. = 673
0.01 wt% SDS 5100 2420 1080 660
0.1 wt% PVP+0.01wt% Surfynol 485 2270 2 2 1 0
0.1 wt% PVP+0.01wt% MirataineCBS 3360 990*** 1430 1690
0.5wt% Quat 3 2160 1930
Poor Candidates








0.01wt% NTA 870 3160 1 0 1 0
0.1 wt% PVP+0.5wt% SDS 1930 800 2090
0.01wt% Neodol 45-7 2810 780 970
0.1 wt% 908+0.0lwt% NTA 2270 1550 710
0.01wt% Surfynol 465 3140** 1 2 0 0 1610
0.1 wt% 908+0.5wt%MytBr 1710 580 1790
0.5wt% T-butyl Phenol 860 1660 1350
0.1 wt% PVP+0.01wt% Mirawet ASC 1520 1060
0.1wt% 908+0.5wt% SDS 2250 820 660




Run 1 Run 2 Run 3 Run 4
0.5wt% Quat 1 930 1360
0.1 wt% PVP+0.01wt% Surfynol 465 930 1280
0.1wt% F-127+0.5wt% SDS 750 1330
0.01wt% Quat 3 1140 750
0.1wt% F-127+0.01wt^ S-465 3180** 1090 800
0.1 wt% 908+0.01wt% MytBr 820 1030
0.01wt% MytBr 840 840
0.1 wt% 908+0.5wt% Neodol 45-7 1920** 650 890
0.01wt% Mirataine CBS 1000 580 730
0.1 wt% PVP+0.5wt% Surfynol 485 3920** 1080 520
0.1 wt% PVP+0.5wt% Mirawet ASC 810 700
0.1 wt% 25R8 790 720
0.1 wt% 908 1180 490 580
0.5wt% MytBr 690 750
0.01 wt% Mirawet ASC 730 710
0.5wt% Neodol 45-7 710 710
0.5wt% NTA 510 780
0.1 wt% F-127+0.5wt% Surfynol 465 520*** 700 650
0.1 wt% 25R8+0.5wt% Surfynol 465 640 560 610
0.1 wt% 25R8+0.01wt% SDS 720 540
0.1wt% 25R8+0.01wt% MytBr 2480** 590 640
0.5wt% Surfynol 485 550 650
0.1 wt% 908+0.01wt% Neodol 45-7 4030** 580 570
0.1 wt% 25R8+0.5wt% SDS 480 610
* Viscometer shocked
** Viscosity incorrect
*** Particles observed in solution
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of Table 3.1 that had combinations of surfactants with polymers 25R8 or 
908.
The inhibitor results were divided into three sections depending on 
mean induction times. The best candidates had induction times greater than 
one hour and are heavily shaded in Table 3.1. Good candidates had 
induction times greater than 30 minutes and were lightly shaded. A poor 
candidates had an induction time of less than 30 minutes.
The THF screening results in the viscometer identified six very good 
chemicals or chemical combinations which provided inhibition for over 
one hour, followed by 15 chemical or chemical combinations which 
provided for more than 30 minutes of inhibition
During the screening tests, some results were discounted when 
operational difficulties were observed. The common reasons for 
discarding of data were mechanical shocking of the viscometer, incorrect 
viscosity magnitude, or particulate matter observed in the solution. When 
the viscometer was jarred, hydrate formation was initiated early and 
induction times were shorter than anticipated. An observation of the 
viscosity of the solution to be tested gave an indication of the quantity of 
THF actually in the test solution. An observed low viscosity indicated the 
THF concentration was lower than 20 wt%. This situation resulted in 
induction times longer than for when the correct amount of THF was in 
solution. Particulate matter that was observed before the solution was 
loaded into the viscometer was believed to act as nucleation sites and led to 
shorter than expected induction times.
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Due to problems with the piston, screening with the viscometer of 
some remaining combinations shown in Table 3.1 was terminated. 
However, screening with other apparatus in the Center for Hydrate 
Research continued. Table 3.3 is a list of additional inhibitor combinations 
tested once the piston problems were resolved. These combinations were 
tested to make a direct comparison to results seen in the Multiple Reactor 
Screening Apparatus (described in the following paragraph). New 
inhibitor mixing procedures as well as different weight concentrations of 
inhibitors made a comparison necessary. Table 3.3 shows that the results 
agree qualitatively. Variations are due to different experimental 
observations as well as different experimental techniques between the 
screening methods.





Increase Viscosity Induction BaH St
Inhibitor Time (mini Time (mini Time (mini Time <
PVP/Tmp 50 >400 75 100
(0.5%/0.5%)
P VP/My t-Br 70 >400 100 140
(0.596/0.5%)
F-127 35 100 11 24
(0.5%)
PVP/SDS 90 >400 45 85
(0.5%/0.5%)
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The Multiple Reactor Screening Apparatus (Figure 3.26) was an 
extension of the viscometer experiment. The apparatus contains 12 test 
tubes mounted in a rack. Each test tube contains a stainless steel ball and a 
THF/water solution. The rack is rotated at 15 rpms through an ice bath 
which is kept at 32°F. The stainless steel ball moves through the solution as 
the rack rotates and provides mixing and gives an indication of the 
viscosity of the solution. An observer records the time when hydrates first 
form. This is called the induction time and is indicated by a clouding of 
the solution. The rack continues rotating until hydrates form to such an 
extent that the stainless steel ball stops moving. This is referred to as the 
ball stop time.
Gas Experiments
The primary purpose of the gas experiments was to determine the 
viability of using the viscometer to detect the onset of hydrate nucleation 
for a non-miscible system. Once viability was established, it was necessary 
to make a comparison to results from tests of inhibitors in the Multiple 
Reactor Screening Apparatus and the High Pressure Apparatus (a 
description of the High Pressure Apparatus is included at the end of this 
section). Three inhibitor solutions were tested during these experiments, 
two good candidates and one poor candidate. The poor candidate was 
chosen to confirm that bad results were possible in these experiments.
The gas experiments began in the same manner as the THF 





Axle. Rotated at 
15 rpm ^
Bushing
Rack of 12 Test Tubes. Filled with Stainless Steel Ball 
THF/Water Solution, and each with 
a Stainless Steel Ball
Hydrate Formation Indicators
1. Visual Observation of First Hydrates 
Forming (Induction Time).
2. Time for Ball to Stop Moving (Ball Stop 
Time).
Figure 3.26 Multiple Reactor Screening Apparatus for Sensing Hydrate
Formation
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for Green Canyon gas and ASTM sea water. Inhibitor solutions were 
tested and compared to this value to determine their effect on induction 
times. Table 3.4 is a list of the results for the inhibitor solutions tested and 
a comparison to the results from the other two apparatus. The results 
between apparatus agreed qualitatively, with PVP and QP-100MH 
providing very good kinetic inhibition of hydrate formation.
The High Pressure Apparatus (Figure 3.27) consists of an Autoclave 
high pressure cell, a temperature control system, a high pressure gas 
reservoir, and a data acquisition system. The Autoclave reactor is partially 
filled with a water solution and has Green Canyon gas supplied at a 
constant pressure of approximately 1150 psia. The reactor also contains 
stainless steel balls which act as nucleation sites and provide extra agitation. 
The experiment begins by placing the reactor in a temperature controlled 
bath kept at approximately 55°F. When the reactor temperature comes to 
equilibrium, gas is charged into the cell and a mixer is started. Hydrate 
formation is indicated by a rise in temperature and an increase in gas 
consumption. The induction time is taken when the temperature first 
begins to rise.
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Five conclusions result from the experimental work that was 
conducted for this thesis:
1. Time dependent viscometry was a reproducible method of measuring 
kinetics of hydrate formation for THF/water systems and for gas/water 
systems.
a. At 34.0°F, a 20 wt% THF and 80 wt% deionized water system 
formed hydrates at an average induction time of 864 seconds with 
a standard deviation of 123 seconds.
b. At 30.2°F, a 20 wt% THF and 80 wt% unfiltered ASTM sea water 
system formed hydrates at an average induction time of 898 
seconds with a standard deviation of 215 seconds.
c. At 30.0°F, a 20 wt% THF and 80 wt% filtered ASTM sea water 
system formed hydrates at an average induction time of 746 
seconds with a standard deviation of 169 seconds.
d. At 32.5°F and 320 psig, carbon dioxide and 0.3cc of deionized 
water formed hydrates at an average induction time of 1261 
seconds with a standard deviation of 142 seconds.
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e. At 40.5°F and 700 psig, Green Canyon gas and 0.25cc of filtered 
ASTM sea water formed hydrates at an average induction time of 
1196 seconds with a standard deviation of 270 seconds.
2. Kinetic inhibitors slowed down or stopped the formation of hydrates 
for a miscible THF/ASTM sea water system. The following 
polymer/surfactant solutions demonstrated the best performance for the 
THF systems: 0.1 wt% BASF F-127, 0.1 wt% PVP/0.5 wt% Mirataine 
CBS, 0.5 wt% SDS, 0.5 wt% Surfynol 465, 0.5 wt% Mirawet ASC, and 0.1 
wt% PVP/0.01 wt% SDS.
3. Kinetic inhibitors slowed down or stopped the formation of hydrates 
for a non-miscible Green Canyon gas/ASTM sea water system. The 
following polymer/surfactant solutions demonstrated inhibition of hydrate 
formation for the Green Canyon gas system: 0.5 wt% QP-100MH and 0.5 
wt% PVP.
4. The THF/water systems demonstrated a strong relationship between 
temperature and the time required for hydrates to form. Hydrates formed 
rapidly below 34.3°F for the deionized water experiments. Above this 
temperature hydrate formation was not observed. Similar behavior was 
observed, though not recorded, for all systems.
5. Information about the rate of nucleation was not attainable because 
hydrate particles grew very rapidly to a size that clogged the viscometer.
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Four recommendations for future work with kinetic inhibitors and 
viscometry are listed below:
1. The best inhibitor solutions identified from the THF/ASTM sea water 
experiments, listed in conclusion 2, should be tested with Green Canyon 
gas.
2. A viscometer should be constructed that would allow visual observation 
of the measurement chamber. This modification would simplify the 
interpretation of results. Any uncertainty about the morphology and the 
position of the hydrates formed would be eliminated.
3. A modification should be made to increase the clearances between the 
viscometer wall and the piston. The current clearances do not allow a 
viscosity to be measured when large particulate matter is present. The 
particulate matter causes the viscometer piston to jam in the measurement 
chamber. An increase in clearance should allow more viscosity 
measurements to be taken after initial hydrate formation. This would 
provide additional information about the rate of nucleation and the 
consistency of the hydrates formed for a particular kinetic inhibitor 
solution
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4. THF weight concentrations much less or much greater than 20 wt% 
should be tested. Solutions should be evaluated at concentrations which do 
not allow for complete conversion of THF and water to solid hydrate. 
Additional viscosity information could be gathered if hydrates did not form 
in such a quantity that clogs the visometer. THF concentrations should be 
adjusted so that the volume of suspended particles does not exceed 20% 
after hydrates have formed.
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